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ABSTRACT
The procedure used in this research work for evaluation of liquefaction potential due to earthquake is by correlating the cyclic stress
ratio(CSR) and the cyclic resistance ratio(CRR) obtained from standard penetration test and shear wave velocity. Shear wave velocity
in the different layers of soils have been determined by the use of down borehole instrument. P- and S-wave velocity data of nearsurface soils (upper 21 m) are analyzed and correlated to depth and sedimentological properties. The results show that the S-wave
velocity is much more sensitive to changes in lithology and mechanical properties than the P-wave velocity, which is characterized by
a narrow range of values. The data shows that Vs is better correlated with silt content than with clay content for the sediments of the
area investigated. While Vs has increased with increasing clay content it decreases with increasing silt content.
Model curves for earthquake of various magnitudes have been developed after detailed study and analysis of the enormous data. This
model curves serve the purpose of demarcating the zones of liquefaction and non-liquefaction. Using these model curves and
assuming an earthquake of a particular magnitude for which the model curves have been plotted, the liquefaction potential of soil if
subjected to earthquake of that particular magnitude can be evaluated.
INTRODUCTION
Liquefaction is one of the most interesting, complex and
controversial topics in the sphere of geotechnical earthquake
engineering. This natural phenomenon came into prominence
and attracted the attention of geotechnical engineers in a three
month period in 1964 when the Good Friday earthquake (Mw
=9.2) in Alaska was followed by Niigata earthquake (Ms =7.5)
in Japan. In both cases large scale destruction were caused by
liquefaction induced failures. In 30 years since the occurrence
of these fatal earthquakes, liquefaction has been studied
extensively by many researchers around the globe. Different
terminologies, procedures and methods of analysis have been
proposed and a prevailing approach has been slow to emerge.
The Mechanism of Liquefaction
The phenomenon of liquefaction involves soil deformation
caused by monotonic, transient or repeated disturbances of
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saturated cohesionless soil under undrained loading
conditions. When loose sand is subjected to seismically induce
vibratory motion, it tends to decrease in volume. If it is
saturated and drainage is impeded, some of the interparticle
stress is transferred to the water. The transferred load causes a
rise in the pore water pressure; generally, the higher the
intensity of vibration, the greater the potential for increase in
pore water pressure. As the pore pressure approaches the
confining pressure on the soil, shear resistance is lost. As a
consequence a structure situated on this soil may tilt and settle,
resulting in differential motions which may cause severe
damage. Then
f = (- u) tan  ( 1 )
where f is the shearing resistance or strength of the soil, is
the total normal stress, u is the pore water pressure within the
soil and  is the effective angle of internal friction.
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Liquefaction Potential: Methods of Evaluation
The most common procedure around the world for evaluating
liquefaction potential is “simplified procedure” developed
originally by Seed and Idriss (1971) using blow counts from
the Standard Penetration Test correlated with a parameter
called the cyclic stress ratio which represents the cyclic
loading on the soil. Since 1971, this procedure has been
modified and updated. Parallel procedures based on Cone
Penetration Test, Shear wave velocity measurements, and
Becker Penetration Test was introduced and has been revised
and updated. During the past two decades several procedures
based on Vs have been developed for predicting liquefaction.
These procedures were developed from laboratory studies,
analytical studies, penetration – Vs correlations or field
performance data and in-situ Vs measurements.The most
recent addition to these methods is the use of shear wave
velocity by the down or cross borehole method, seismic cone
penetrometer test (SCPT), suspension logger, and Spectral
Analysis of Surface Waves (SASW).
GENERATING AND MEASURING SHEAR WAVES
Elastic waves are generated in the ground by using an energy
source, and these elastic waves are detected at single or
multiple locations by vibration sensors called geophones. The
signals thus collected are displayed on a seismograph. In
addition to the shear waves, there are P waves with different
refraction paths, reflections, surface waves and various
converted waves, but the two major wave types of interest
from the view point of liquefaction potential evaluation are the
compression (P-waves) and the shear waves (S-waves). A
major problem encountered is that the shear waves travel
slower than P-waves and thus will be embedded in the
complex wave train some where after the first arrival of the
wave series. In a normal refraction survey, identification of the
P-waves is simple since they arrive first in the record. After
the “first arrivals”, many other waves will be buried in the
later part of the seismic record. Hence a solution is necessary
for obtaining a pure shear wave without any adulteration from
any other wave type. The answer is to use a seismic energy
source that generates mostly shear waves, and use of vibration
sensors sensitive to shear waves. One extremely effective and
popular mechanism to generate a clean shear wave is to
simply use a wooden plank weighted down with a vehicle (to
prevent sliding of the plank when struck with a hammer while
generating the wave). By hitting the end of the plank with a
hammer, a shearing stress is applied to the ground. The shear
wave propagates in the direction perpendicular to the plank
towards the geophone.
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Type of Sensors Used
Geophones are available with different sensitive axes, usually
horizontal or vertical. In the experiment performed in the field,
a horizontally oriented geo phone was used. Horizontal
geophones are often mistakenly called “shear phones” because
they are commonly used for shearwave surveys, but shear
waves can be oriented in any direction depending on the
polarization of the source. The geo phone is oriented in the
same axis as the particle motion. It will be quite sensitive to
the shear waves, and relatively insensitive to any compressive
waves.
Nature of the Shear Wave

Fig. 1. Zero phase wavelet with strong first arrival
The record from the experiment conducted resembles an
ordinary seismic record and an illustrative example from the
experiment conducted is shown in Fig. 1.
This is a classic zero-phase wavelet with a strong first arrival
followed by larger excursions which die down after a few
cycles. In a properly done survey, a good shear wave record
will be less complex than refraction data, because mode
conversions are not considered and because the survey
geometry is chosen to minimize multiple arrivals. To confirm
that we really have a shear wave, another record is taken by
hitting the other end of the plank. It should look like the one in
Fig. 2.

Fig. 2 . Wavelet by hitting other end of the plank
The first break is in the opposite direction, which is the
confirmation that the arrival is most likely a shear wave.
Superimposing the two single waves a combined shearwave
showing the opposite polarities is obtained as shown in Fig. 3.
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hammer combination, and since the waves travel nearly
vertically, there are fewer ambiguities about the path. The
main disadvantage of downhole surveys is that attenuation and
natural filtering by the earth rounds off the seismic arrivals so
that it can be difficult to pick the first breaks with the
necessary precision.

Fig. 3. Combined shear wave by overlapping Fig 1 and 2
FIELD TECHNIQUE FOR DOWNHOLE PROCEDURE
Because subsurface shear wave velocities can not be reliably
measured on the surface, the normal procedure is to conduct
the surveys in bore holes.
Down hole is a simple procedure that was performed at the
site, with a setup as shown in Figure 4. A bore hole was
prepared and the plank-vehicle combination was located near
the top of the hole. A horizontal geophone was clamped in the
hole (actually a tri-axial geo phone) and the data was acquired
by collecting records from impacts on both ends of the plank.
A third record of P-wave velocity data was collected by hitting
the plank on top to generate compressive waves (which was
detected and recorded from a vertical geophone). The triaxial
geophone package was moved a short distance down the hole
(depending on the frequency of records required) and the
whole sequence repeated until records had been obtained at
intervals from the surface to the depth of interest.

MATHEMATICAL CALCULATION OF VARIOUS
PARAMETERS
The following equations summarize the calculations of
compression and shear wave velocities and soil moduli.
All the travel times have already been corrected for the
trigger time according to:
1. Ts (true) = ts (picked) – t trig.
(2)
The same definition holds for the compression wave
arrival times.

 ( 3 )
2. SR = (SB2 + D2 )(½)
SR = distance between source and one of the geophones
(receivers),
SB = distance between the source and borehole, and
D = depth below ground level to one of the geophones.
As depth increased, SR approached D.

3. VS = SR/ts
VP = SR/tp
VS is the direct shear wave velocity
t s is the travel time of shear waves
VP is the direct compression wave velocity and
t p is the travel time of compression wave energy.
4. The shear modulus (G):
G =  x Vs2



(5)

5. The constrained modulus (M)
M =  x Vp2 ( 6 )
Direction of Shearwave
6. Poisson’s ratio ()
µ = 0.5 ( Vp / Vs)2 – 1 ( 7 )
(Vp / Vs)2 – 1
7. Young’s Modulus (E):
E= 2G (1+ µ) ( 8 )
Fig. 4. The downhole equipment setup

Where  is the mass density of the soil obtained from the
boring log information.

There are advantages and disadvantages of this method. Only
one hole is needed, the energy source is the surface plank-
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P- and S-wave velocity data of near-surface soils (upper 21 m)
were analyzed and correlated to depth and sedimentological
properties. The results show that the S-wave velocity is much
more sensitive to changes in lithology and mechanical
properties than the P-wave velocity, which is characterized by
a narrow range of values.The data shows that Vs is better
correlated with silt content than with clay content for the
sediments of the area investigated. However, they sometimes
show different trends. While Vs has increased with increasing
clay content from 7m to 15m, it has decreased with increasing
silt content in the depth zone from 15m upto 20m. This is
clearly evident from Figure 6.
ELASTIC PROPERTIES OF SOIL

Fig. 5. Direction of Shear wave propagation
Table 1 shows the various types of soils encountered along
the borehole constructed at the experiment site.
COMPARISION OF OBTAINED COMPRESSION AND
SHEARWAVE VELOCITY

Depth
(Below EGL)
From
(m)
0.00

To
(m)
0.5

0.5

2.80

Hard deep grey clay

2.80

4.20

Dark grayish decomposed
hard clay

4.20

6.00

6.00

12.7

Filled up soil, light
Brownish grey in colour
silty clay
Light reddish silty clay

2.10

Dark greenish clayey silt
with traces of mica
Yellowish silt clay with
traces of mica
Yellowish silt with traces
of mica

12.70

16.2

16.20

18.0

18.00

21.0

Light yellowish sand

21.00

23.5
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Thick
ness

Description Of Strata

Water Table
(m)

Table 1: Details of Soil strata

These include the Bulk Modulus, Young's Modulus, Shear
Modulus, and Poisson's ratio, called the elastic constants.
From the results shown in figure 7 it can be seen that the shear
modulus of the soil increases uniformly along the depth of the
soil. The maximum value of shear modulus is reached at the
bottom 21m where the soil is mainly sandy in nature. The least
value of shear modulus is at the surface where the soil is filled
up material.On the other hand it can be seen from Fig 7 that
the value of Young’s modulus is the maximum at the top and
the least at the 16-17m. This is because the bottom layer at
21m sandy in nature. From the values of the dynamic shear
modulus at the lowest layer i.e.3817.36 Mpa the soil can be
classified as sandy. It can also be seen from the figure that the
shear modulus of sand and clay differ by a large amount. As
such from the viewpoint of liquefaction potential it can be
said that the clay layer is much more susceptible to
liquefaction than the sand layer.

0.15

0.15

0.15

0.15

0.15

Fig. 6. Plot of Compression and Shearwave against depth
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a = 0.022 and b = 2.8 are the curve fitting parameters.
Vs1= corrected (to 100 KPa) shear wave velocity accounting
for overburden pressure;
V*s1 = 215 m/s,

for sands with FC ≤ 5%.

V*s1 = 215 − 0.5 (FC − 5) m/s, for sands with 5 % < FC <
35%.
V*s1 = 200 m/s,

LIQUEFACTION ASSESSMENT BASED ON STRESS
CORRECTED SHEARWAVE VELOCITY AND CYCLIC
STRESS RATIO
Many researchers have studied earthquakes and gathered
enormous results to develop model curves for earthquake of a
certain magnitude. These model curves serve the purpose of
demarcating the zones by dividing them into liquefiable and
non liquefiable territory. Using these model curves and
assuming an earthquake for which the model curves have been
plotted, the liquefaction potential of soil which has not been
subjected to earthquake can be evaluated.
Here the corrected (N1)60 values have been used to evaluate
the value of cyclic resistance ratio by using the relationship
given by equation 9. The value of CRR thus obtained is for an
earthquake of magnitude 7.5 i.e. Mw = 7.5. This value of CRR
has been reduced to the value corresponding to the earthquake
magnitude under consideration by multiplying the value CRR
M=7.5 by the Magnitude scaling factor. The coefficients 
and  have been multiplied with (N1)60 to get the required
SPT value of clean sand i. e. (N1)60cs . Finally the overburden
stress corrected shearwave velocity have been plotted against
the CRR assuming that at the limiting condition CSR = CRR.
This have also been proposed by Andrus et al.(1997).
2

CRR =

aVs1 + b
100

1
V*s1

- Vs1

-

1
V*s1

MSF

Where,
V*s1 = the limiting upper value of Vs1 for liquefaction
occurrence, and
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Two different types of model curves have been proposed. One
is for purely sandy soil and the other is for sandy silt. In our
case both type of soil exist in the soil strata that have been
examined. Thus the use of this type of model curve is highly
justified in this case. The first graph shows the potential for
liquefaction in case the soil is subjected to an earthquake of
5.9 to 6.2. The boundary curves were proposed by Tokimatsu
et al.(1991) from 20 earthquakes in Japan. It can be seen from
the results that the boundary demarcated by the curve of clean
sand has been crossed by the soil type having the least
shearwave velocity among all the layers. The silty sand
boundary by a somewhat higher shearwave velocity
possessing soil type. We can see from Fig. 8 that there are
certain soil types which lie on the boundary of the dividing
zones. These have been treated as potentially liquefiable soils
taking into account a certain measure of factor of safety.

S IT E : B E N G A L E N G IN E ER IN G A N D SC IE N C E U N IV E R S ITY
S H IBP U R : H O W R AH

0.6

Cyclic Stress Ratio, av`v

Fig. 7. Variation of Elastic Properties vs Depth

for sands and silts with FC ≥ 35%.

D ata B ased on :
M w = 5.9 to 6.2 earthquakes
M inim um values of V s1
a m ax for the larger of two horizontal com ponents
S olid - liquefaction
O pen - no liquefaction

clean sand

Boundaries
N c = 6 cycles
K o = 0.6
r c = 0.95

silty sand

0.4

LIQ U E FA C T IO N

N O LIQ U E FA C T IO N
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300
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Stress corrected Shear W ave V elocity,V S1 ,m /s

Fig. 8. Liquefaction Assessment based on Vs1 and CSR (Model
curves by Tokimatsu et al. vide Andrus et al. 1997) Nc = 6
cycles.
Fig. 9 shows the liquefaction potential of the same soil when
they are subjected to an earthquake of magnitude 6.5 to 6.6.
Here it can be seen that the soil within the first 3 m and at 9 m
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S IT E : B E N G A L E N G IN E E R IN G A N D S C IE N C E U N IV E R S IT Y
S H IB P U R : H O W R A H

D a ta B a s e d o n :
M w = 6 .5 to 6 .6 e a r th q u a k e s
M in im u m v a lu e s o f V s 1
a m a x f o r th e la r g e r o f tw o h o r iz o n ta l c o m p o n e n ts
S o lid - liq u e f a c tio n
O p e n - n o liq u e f a c tio n

av

Cyclic Stress Ratio,  `

v

0 .6

c le a n s a n d

B o u n d a r ie s
N c = 9 c y c le s
K o = 0 .6
r c = 0 .9 5

s ilty s a n d

0 .4

L IQ U E F A C T IO N

N O L IQ U E F A C T IO N

The Figs. 10 and 11 shows the liquefaction potential of the
soil layers under consideration taking into account the fines
content of the soil at the same time. The soils on which
experimentation have been done, all contain fines content
more than 35%. Comparing these results with previous once ,
we can see that for an earthquake of magnitude M = 5.9 to 6.2
the results seen from Fig. 11 and Fig.8 , in both of which

0 .2

0 .0
100

150

200

250

300

350

400

S tre s s c o rre c te d S h e a r W a v e V e lo c ity ,V S 1 ,m /s

Fig. 9. Liquefaction Assessment based on Vs1 and CSR
(Model curves based on Tokimatsu et al. vide Andrus et al.
1997) Nc = 9 cycles (Mw = 6.5 to 6.6).
from the ground surface shows potential for liquefaction.
Comparing the results of Fig 8 and Fig 9 we see that in the
latter case some soil layers such as the layers lying between
4m to 8m which previously showed liquefying potential for M
= 6.2 did not show the same when considered subjected to an
earthquake of M = 6.6. This is in contrary to belief of the
common person. This is so because, in the latter case the pore
water has the chance to dissipate faster, so that insufficient
pore water pressure is generated in these layers for making
them potentially liquefiable. Thus we see that for more severe
earthquake the soil layers having less shear wave velocity also
develops a tendency to become non liquefiable.
LIQUEFACTION POTENTIAL EVALUATION TAKING
INTO ACCOUNT FINES CONTENT OF THE SOIL:

Fig. 11. Liquefaction Assessment based on Vs1 and CSR
taking into account the fines content of the soil for Mw = 6.0
cases the top 9m of the soil strata is potentially liquefiable.
Now in the case of moment magnitude M = 6.5 to 6.6 as seen
from Fig. 9 and Fig. 10, the top 3 m of soil and soil at 9m
depth showed to be potentially liquefiable.
SUMMARY AND CONCLUSION

Fig. 10. Liquefaction Assessment based on Vs1 and CSR
taking into account the fines content of the soil for Mw = 6.5
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From the results obtained after interpretation of the shear and
the compression wave velocity it was seen that the top portion
of the soil was highly susceptible to liquefaction. It can be
seen from the graphs that the soil layers which have (Vs1)
ranging between 95m/s to 170 m/s lies in the potentially
liquefiable zone. Liquefaction potential of the soil was
evaluated taking into account the moment magnitude of the
earthquake, the fines content, maximum acceleration (a max)
etc. The lower layers beyond 10m were much less susceptible
to liquefaction and beyond 16m not a single incidence of
probable liquefaction occurred.
It is seen that higher the shear velocity (Vs), the less likely the
site is to liquefy for a given maximum acceleration (amax).
Higher Vs implies that the soil strata is compact as Vs
decreases with increasing looseness of the soil. Thus for a
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compact soil the potential for liquefaction decreases. Thus
liquefaction potential may be minimized by ground
improvement techniques aimed mainly at increasing the shear
modulus of the soil. Again greater the depth of the liquefiable
layer, the less likely the soil is to liquefy for a given shear
wave velocity (Vs). The liquefaction of the sand layer varies
with depth as the amount of consolidation plays a significant
part in liquefaction. Thus the soils having a higher SPT (N)
value are less likely to liquefy than soils having lower SPT
values. The greater the depth of the sand layer , the greater the
possibility to liquefy at a given Vs but in case of homogeneous
soil strata the possibility of liquefaction decreases with depth.
Liquefaction susceptibility also depends on the shear modulus
of the particular soil. It is found that the liquefaction resistance
increases linearly with shear modulus. The age factor i.e. the
effect of age significantly influences the liquefaction potential
in case of soils older than 10000 years. In such cases the age
factor has to be incorporated while evaluating the liquefaction
potential of the soil. The fines content i.e. the percentage of
fines in the soil plays a major part in reducing the liquefaction
susceptibility if their percentage is within 35% , beyond that,
the effect of fines does not play a significant role. The effect
of attenuation of soil on wave velocity and the effect this
produces on the evaluation of liquefaction potential may play
a major role and needs to be incorporated while evaluating the
liquefaction potential of the soil. Since the downhole
instrument can generate both compression and shear wave, a
correlation of the two can be tried to evolve a new method for
liquefaction potential evaluation.
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